The potency of antisense peptide-phosphorodiamidate morpholino oligomers (PPMOs) was improved by varying the peptide composition. An antisense phosphorodiamidate morpholino oligomer (PMO) complementary to the mRNA of the essential gene acpP (which encodes the acyl carrier protein required for lipid biosynthesis) in Escherichia coli was conjugated to the 5 ends of various cationic membrane-penetrating peptides. Each peptide had one of three repeating sequence motifs: C-N-N (motif 1), C-N (motif 2), or C-N-C (motif 3), where C is a cationic residue and N is a nonpolar residue. Variations in the cationic residues included arginine, lysine, and ornithine (O). Variations in the nonpolar residues included phenylalanine, valine, ␤-alanine (B), and 6-aminohexanoic acid (X). The MICs of the PPMOs varied from 0.625 to >80 M (about 3 to 480 g/ml). Three of the most potent were the (RX) 6 B-, (RXR) 4 XB-, and (RFR) 4 XB-AcpP PMOs, which were further tested in mice infected with E. coli. The (RXR) 4 XB-AcpP PMO was the most potent of the three conjugates tested in mice. The administration of 30 g (1.5 mg/kg of body weight) (RXR) 4 XB-AcpP PMO at 15 min postinfection reduced CFU/ml in blood by 10 2 to 10 3 within 2 to 12 h compared to the numbers in water-treated controls. All mice treated with 30 g/dose of (RXR) 4 XB-AcpP PMO survived infection, whereas all water-treated mice died 12 h postinfection. The reduction in CFU/ml in blood was proportional to the dose of PPMO from 30 to 300 g/ml. In summary, the C-N-C motif was more effective than the other two motifs, arginine was more effective than lysine or ornithine, phenylalanine was more effective than 6-aminohexanoic acid in vitro but not necessarily in vivo, and (RXR) 4 XB-AcpP PMO reduced bacterial infection and promoted survival at clinically relevant doses.
Antibiotic resistance in bacteria, its increasing incidence, and the decreasing rate of discovery of new antibiotics create a need for new strategies of targeting bacterial components for antibiotic therapy. Genomics has created an attractive opportunity to target specific genes for inhibition by the use of antisense oligomers to silence essential genes.
Synthetic antisense oligomers are DNA mimics that bind to target RNA through complementary base pairing. When antisense oligomers are added to pure bacterial cultures, they have been shown to decrease the levels of expression of reporter genes such as luciferase (5, 7) , activate endogenous genes such as ␤-galactosidase (7), or inhibit growth by targeting essential genes or RNA (9, 10, 11, 14, 23, 28) . In addition, antisense oligomers reduce infection and increase the survival of mice infected with Escherichia coli (8, 21, 22) .
Antisense oligomers require assistance to gain entry into bacterial cells because of their molecular weight and polar characteristics. Recently, antisense oligomers have been conjugated to membrane-penetrating peptides. Peptide-oligomer conjugates are significantly more effective in inhibiting the expression of their specific targets than their nonconjugated counterparts (7, 10) . Apparently, the membranepenetrating peptide carries its cargo (the antisense oligomer) across the outer membrane of gram-negative bacteria, after which it traverses the plasma membrane by an unknown mechanism.
Membrane-penetrating peptides have diverse sequences, but many are cationic and amphipathic. Previous investigations suggest that a repeated peptide motif with one cationic residue followed by either one or two nonpolar residues may be an important feature for efficient membrane penetration (25) .
Antisense oligomers conjugated to peptides with either (KFF) 3 or (RFF) 3 and targeted to essential gene products are potent growth inhibitors of E. coli, Salmonella enterica serovar Typhimurium, Staphylococcus aureus, Mycobacterium smegmatis, and Klebsiella pneumoniae (10, 13, 14, 23) . Although antisense peptide-oligomers with variations in their peptide sequences have been screened for their efficacies in the gram-positive bacterium S. aureus (17) , the effects of only a few variations on the gram-negative bacterium E. coli have been reported (10, 23) . Moreover, there have been few if any reports on the effects of variations in the peptide sequences of antisense peptideoligomers in animal models of bacterial infection.
In the study described in this report, E. coli was used to compare the efficacies in vitro and in vivo of antisense peptide-phosphorodiamidate morpholino oligomers (PPMOs) that vary in their amino acid sequences.
MATERIALS AND METHODS
Bacterial strains. Wild-type strain E. coli K-12 W3110 was used in all experiments. Liquid cultures were grown in either Mueller-Hinton II broth (for MIC assays) or LB broth (for preparation of the inoculum for mice).
MICs. MICs were determined by the microdilution method (4). To control for nonspecific toxicity, each peptide was also conjugated to a second phosphorodiamidate morpholino oligomer (PMO) with a base sequence that was not complementary to any gene in E. coli. In all cases, the MIC of the control PPMO was above the limit of measurement, which was 80 M.
PMO. PPMOs were synthesized at AVI BioPharma (Corvallis, OR) as described previously (23) . The base sequence of the AcpP PMO is 5Ј-CTTCGAT AGTG-3Ј, which is complementary to bases 1153197 to 1153207 on the E. coli W3110 genomic map (NCBI accession number AP009048). The target sequence is immediately 3Ј to the start codon. The rationale for the length and position of the PMO on the target mRNA has been characterized previously (5) . This PMO sequence has been shown to inhibit the growth of E. coli in pure cultures (5, 8, 23) , infected tissue culture (23) , and mouse models of infection (8, 22) . The base sequence of the nonsensical control PMOs is 5Ј-TCTCAGATGGT-3Ј. The nonsensical (scrambled) sequence is a random sequence of the same 11 bases used in the AcpP PMO and has previously been shown not to inhibit the growth of E. coli (5, 8, 23, 24) .
Mouse experiments. All mice were infected and treated with the PPMOs as described previously (22) . Briefly, groups of three to four mice were infected by the intraperitoneal injection of E. coli W3110. The mice were treated by intraperitoneal injection at 15 min and 12 h postinfection. Blood was collected at 2, 6, 12, 24, and 48 h postinfection; diluted; and plated to determine the numbers of viable bacteria.
All animal procedures were approved by the Oregon State University Animal Care and Use Committee and complied with all state and federal laws.
Statistical analysis. The mean numbers of CFU/ml blood and standard deviation were calculated for each treatment group by using Prism (version 4.0) software (GraphPad Software, San Diego, CA). Survival curves were analyzed by the Kaplan-Meier method with Prism (version 4.0) software. Group means were compared by transforming the numbers of CFU/ml to log CFU/ml and then using one-way analysis of variance, parametric methods, the Kolmogorov and Smirnov normality test, and the Tukey-Kramer multiple comparison post test (InStat, version 3.05, software; GraphPad Software).
RESULTS

Efficacies of various PPMOs in pure culture. Various
PPMOs were synthesized with the same base sequence targeting a region near the start codon of mRNA of acpP, but they had different peptides attached to the 5Ј end (Table 1) . Each peptide was designed with one of three repeated sequence motifs:
where C is a cationic residue and N is a nonpolar residue. The cationic amino acids that were used were arginine, lysine, and ornithine (O); and the nonpolar amino acids that were used were phenylalanine, valine, ␤-alanine (B), and 6-aminohexanoic acid (X).
The MIC of each PPMO with motif 1 (C-N-N) was measured and is shown in Table 1 . Control PPMOs with the same peptides attached to a PMO without a complementary sequence had MICs above 80 M (data not shown). The results indicate that the most potent PPMO with peptide motif 1 was (RFF) 3 RXB, which was about 2.5 times more potent than ampicillin on a molar basis. Furthermore, increasing the number of RFF repeat units from one to three reduced the MIC Ͼ32-fold from Ͼ80 to 2.5 M. The replacement of arginine with lysine or ornithine increased the MIC by 4-fold and Ͼ32-fold, respectively. The substitution of valine, ␤-alanine, or 6-aminohexanoic acid for phenylalanine increased the MICs at least eightfold (compare the MICs of PPMOs 06-0079, 06-0064, and 23-248 with the MIC of PPMO 05-0200 in Table 1 ). Interestingly, the PPMO with the D-isomeric form of (RFF) 3 RXB (PPMO 05-0653) had an MIC that was only two times higher than that of the equivalent L-isomeric form (PPMO 05-0200).
The MIC of each PPMO with motif 2 (C-N) or motif 3 (C-N-C) was measured. PPMOs with (RX) 6 B, (RXR) 4 XB, or (RFR) 4 XB were more potent than PPMOs with (RXX) 3 B or (RFF) 3 RXB. The substitution of either lysine or ornithine for arginine in PPMOs with motif 2 or 3 reduced the potency. Two or four tandem copies of RX were not as potent as six tandem copies of RX.
Mouse peritonitis. The (RX) 6 B-AcpP PMO, (RXR) 4 XBAcpP PMO, and (RFR) 4 XB-AcpP PMO were tested in mice infected with E. coli. Groups of mice were treated with various doses of PPMOs ranging from 10 to 300 g at 15 min and 12 h postinfection.
The results show that the (RXR) 4 XB-AcpP PMO was the most potent of the three PPMOs tested with mice (compare the effects of the 30-g dose of each PPMO shown in Fig. 1A , B, E, F, G, and H). One 30-g dose (1.5 mg/kg of body weight) of the (RXR) 4 XB-AcpP PMO significantly (P Ͻ 0.001) reduced the levels of bacteria in the blood by 98% within 2 h compared to the levels in the water-or scrambled-sequence-PPMO-treated controls. Higher doses (100 g and 300 g) of the (RXR) 4 XB-AcpP PMO further reduced CFU/ml in the blood proportionally by 2.5 to over 4 orders of magnitude over the first 12 h posttreatment. All mice treated with the 30-g, 100-g, or 300-g dose survived the infection. There was no significant difference (P Ͼ 0.05) in the rates of survival between the group treated with water and that treated with 10 g. Groups of mice were treated with a 30-g, 100-g, or 300-g dose of ampicillin for comparison of the results to those obtained for mice treated with a PPMO (Fig. 1C and D) . Thirtymicrogram doses of ampicillin were ineffective at reducing CFU/ml in the blood or increasing the rate of survival. Both of the higher doses of ampicillin significantly (P Ͻ 0.001) reduced CFU/ml in the blood by about 3 to 3.5 orders of magnitude and increased the rate of survival to 100% after 48 h.
The (RX) 6 B-AcpP PMO significantly reduced CFU/ml in blood ( Fig. 1E and F) , although it was not as potent as the (RXR) 4 XB-AcpP PMO (compare Fig. 1E and F with Fig. 1A and B). The 30-g dose of the (RX) 6 B-AcpP PMO significantly (P Ͻ 0.001) reduced CFU/ml blood by 88% within 2 h postinfection. The 100-g and 300-g doses each significantly (P Ͻ 0.001) reduced CFU/ml in blood equally by about 3 orders of magnitude at all times postinfection. All mice treated with 100 g/dose (RX) 6 B-AcpP PMO survived, although significant numbers of mice did not survive treatment with 10 g, 30 g, or 300 g per dose.
The (RFR) 4 XB-AcpP PMO also significantly reduced the numbers of bacteria in the blood and promoted survival ( Fig.  1G and H) . Doses of 10 g or 30 g did not significantly (P Ͼ 0.05) reduce CFU/ml in the blood at any time. Doses of 100 g or 300 g significantly (P Ͻ 0.01 and Ͻ 0.001, respectively) reduced CFU/ml in the blood within 2 h posttreatment. The CFU/ml of blood was reduced proportionally to the dose, and the 300-g dose showed the most reduction (2 to 3 orders of magnitude) at 2, 6, and 12 h postinfection. The number of surviving mice was proportional to the dose.
DISCUSSION
The purpose of our experiments was to increase the potency of antisense PPMOs targeted to the essential gene acpP, which was previously shown to inhibit the growth of E. coli both in pure culture and in infected mice (22) . We hypothesized that the efficacies of PPMOs might increase by varying the order of cationic and nonpolar amino acid residues within the repeating motif or by replacing arginine with other cationic amino acids, phenylalanine with other nonpolar amino acids, or naturally occurring amino acids with nonprotein amino acids. The rationale for including nonprotein amino acids in the peptide moiety was that proteolytic degradation might be reduced.
Previously, Vaara and Porro (25) suggested the possibility that the repeating amino acid sequence motifs (cationic-hydrophobic-hydrophobic) and (cationic-hydrophobic) might influence the membrane-penetrating characteristics of peptides. Their results suggest that the former motif is more effective than the latter motif in disorganizing the outer membrane of gram-negative bacteria. Although our experiments used a completely different end point than that used in the experiments of Vaara and Porro (25), our results show that the spacing of cationic and nonpolar residues does have an effect but support the suggestion that the motif with cationic-nonpolar-cationic residues is slightly more effective than the other two motifs tested.
The mechanisms by which amphipathic peptides penetrate biological membranes are controversial and depend on the structures and compositions of the peptides and target membranes (12, 29) . Although our experiments do not directly address the mechanism of penetration, our results are consistent with those presented in other reports that demonstrate the importance of the number of repeating sequence motifs and the choice of cationic and nonpolar amino acids. In a recent study, the number of RW sequence repeats was varied from one to five (15) . The optimal number was found to be three. Our results also show that one or two RFF repeats were ineffective but that three RFF repeats had significantly increased efficacy. However, two or four RX repeats were ineffective, but six RX repeats were highly effective. A similar effect has been shown for the uptake of PPMOs into HeLa cells (27) . This suggests that it may be the length or the overall charge of the peptide that is more important than the number of repeats. Alternatively, the effect may be influenced by the bulkiness or hydrophobicity of the nonpolar side chains. Because 6-aminohexanoic acid has no side chain, the presumed interaction with the hydrophobic core of the bilayer may be quite different from that of phenylalanine. Previous results have concluded that for short membrane-penetrating peptides (such as the ones that we used), the composition of the amino acids is more important than the order of the amino acids (19, 20) .
The results of in vitro testing showed that among the PPMOs with an amino acid sequence repeat similar to that of (RFF) 3 RXB-AcpP (repeat motif 1; Table 1 ), arginine is superior to lysine or ornithine and phenylalanine is superior to valine, ␤-alanine, or 6-aminohexanoic acid. Among the PPMOs with repeat motifs 2 and 3, the trends were similar to those for motif 1, although valine and ␤-alanine were not evaluated as substitutes for nonpolar residues. Unfortunately, attempts to synthesize the (RF) 6 XB-AcpP PMO were unsuccessful because it was insoluble in aqueous solution. These effects have also been observed in antimicrobial peptides (18, 26) . Because the role of cationic side chains is to make initial electrostatic contact with the anionic moieties of lipids (3, 29) , our results are consistent with the suggestion that the more dispersed positive charge of the guanidinium group of arginine may electrostatically interact with the anionic moieties of the lipids in a more productive manner than either lysine or ornithine (18, 26) . The superior effect of phenylalanine is thought to be attributable to its bulkiness (19, 20) . Another interesting result was that D-isomers in place of L-isomers of arginine and phenylalanine increased the MIC by only a factor of 2. This suggests that the mechanism of entry of PPMOs across the outer membrane of E. coli is not receptor mediated. Our result is consistent with previous results and models that have predicted that cationic and amphipathic peptides penetrate directly through membrane lipids (6, 16, 29, 30) .
The (RX) 6 B-, (RXR) 4 XB-, and (RFR) 4 XB-AcpP PMOs each significantly reduced the infections in mice. The (RXR) 4 XB-AcpP PMO reduced the levels of bacteremia in a dose-dependent manner, whereas the (RX) 6 B-AcpP PMO reduced CFU/ml in blood to similar extents at both 100 g and 300 g per dose. The response to treatment with the (RFR) 4 XB-AcpP PMO was proportional to the dose at early times after treatment, and this was reflected in the rate of survival. The (RXR) 4 XB-AcpP PMO was the most potent of the three PPMOs tested, and 100% of the mice survived treatment with a dose as low as 30 g (1.5 mg/kg).
The (RXR) 4 XB-AcpP PMO was more potent than ampicillin. In vitro MIC analysis showed that on a molar basis, the PPMO was about five times more potent. Because the molecular weight of a (RXR) 4 XB-AcpP PMO is about 16 times greater than that of ampicillin, on the basis of weight, the (RXR) 4 XB-AcpP PMO is about three times less potent in vitro. However, in the mouse model of infection used for our experiments, the (RXR) 4 XB-AcpP PMO was more potent, even on a weight basis. Clearly, 30 g of the (RXR) 4 XB-AcpP PMO was more effective in lowering CFU/ml in the blood and promoting survival than 30 g of ampicillin (compare Fig. 1A and B with Fig. 1C and D) . We conclude that the (RXR) 4 XB-AcpP PMO is more potent than ampicillin for reducing CFU/ml in blood and increasing the rate of survival, at least in the model of infection that was used for testing.
Although the (RFR) 4 XB-AcpP PMO had the lowest MIC, it was not the most effective PPMO in vivo. The reason for this is unclear, but one possibility is that the composition and repeat pattern of all natural amino acids made it more susceptible to proteolysis in animals. Alternatively, it may have less favorable pharmacokinetics or bioavailability than the other PPMOs. 528 MELLBYE ET AL. ANTIMICROB. AGENTS CHEMOTHER.
Thirty percent of the mice treated with 300 g/dose (RX) 6 BAcpP PMO died, despite having levels of bacteria in the blood comparable to those in the blood of mice treated with 100 g/dose, all of which survived. These results suggest that the (RX) 6 B-AcpP PMO may be toxic to mice at the 300-g/dose (ϳ15 mg/kg), which may account for its lack of an ability to further reduce CFU/ml in the blood compared to the numbers in the group treated with 100 g/dose. Similar PPMOs with the RX repeating motif were not toxic in tissue culture (27) . The apparent toxicity in mice is likely caused by the peptide moiety or the conjugate, because the PMO without an attached peptide is nontoxic at these doses (8) .
If the (RX) 6 B-AcpP PMO was toxic at 15 mg/kg, the relatively short time to death (12 h) is a bit unusual and suggests a rapid event such as a lipopolysaccharide-induced cytokine cascade. Alternatively, it is plausible that the arginines of (RX) 6 could be converted to NO by nitric oxide synthase. This would lead to critical events in the lung, heart, or brain, all of which could lead to death in 12 h.
There was no apparent short-term, gross toxicity with the (RXR) 4 XB-AcpP PMO, even at the highest dose tested (300 g [15 mg/kg]), as determined by the 100% survival rate of mice in this treatment group. Previous results have shown that a (RXR) 4 XB PMO causes significant toxicity at 150 mg/kg in rats and has a 50% lethal dose of about 210 mg/kg (2) . If these safety values are converted to those for mice by the use of conventional surface area calculations (24) , the toxicity in mice would translate to about 300 mg/kg. Thus, the estimated therapeutic index (50% lethal dose/50% effective dose) of the (RXR) 4 XB-AcpP PMO may be greater than 200 (300 mg/kg/ 1.5 mg/kg).
Recently, (RXR) 4 has been found to efficiently deliver PMOs through eukaryotic cell plasma membrane and into HeLa or CHO cells (1) . Although the mechanism of entry across the eukaryotic cell plasma membrane is apparently mediated by binding to proteoglycan, its mechanism of subsequent transit across internal membranes and into the nucleus is unknown. The ability of (RXR) 4 XB to mediate the entry of PMOs into both eukaryotic and prokaryotic cells suggests that antibacterial PPMOs might be designed for use against intracellular bacteria. Indeed, preliminary data indicate that (RXR) 4 XB PMOs targeted to specific essential genes significantly reduce intracellular Salmonella, Chlamydia, and Mycobacterium levels (G. Mitev and B. L. Geller, unpublished data).
